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Abstract
Various defect properties in Fe3Al are studied theoretically. In particular, defect formation energies for vacancies and
antisites are determined on the basis of ab initio calculations. Defect concentrations and defect interactions are examined
as well. Positron lifetimes for the most probable trapping sites in Fe3Al are obtained and compared with available
experimental data. Finally, speciﬁc features of coincidence Doppler broadening spectra for selected defects in Fe3Al are
discussed in terms of the desired defect identiﬁcation.
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1. Introduction
Iron aluminides have important high temperature applications and oﬀer excellent corrosion resistance,
among others, and, therefore, they are frequently studied with respect to their applications. From the view-
point of fundamental research, many properties of iron aluminides are not yet well understood as they are
aﬀected by complex defect structure existing in these materials. Fe3Al materials exhibit usually a large
amount of vacancies and can be thus conveniently studied using various positron annihilation (PA) tech-
niques which have been proven to be unique tools for the characterization of vacancy-like defects and their
aggregates in materials. Indeed, the Fe3Al system and Fe-Al materials close to this composition have been
often examined using PA (see e.g. [1–6]).
Before trying to understand the results of PA experiments and to perform defect identiﬁcation, it is useful
to explore defect thermodynamics and to ﬁnd which defects can exist in Fe3Al materials. In particular, we
examine vacancies and antisites existing in three crystallographic sublattices of the D03 lattice. Such studies
have been done already [7–9] – based on ab initio electronic structure calculations – but reﬁnements are
necessary, as we discuss below. In addition, we discuss interactions of primary intrinsic defects and show
that their binding energies are not negligible in some cases. This implies that the concentration of such
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Fig. 1. a) D03 structure of Fe3Al with three sublattices indicated. b) Atomic arrangement around the relaxed VFe,α defect located in the
middle of the picture.
compound defects might be appreciable under certain conditions. Atomic relaxations around defect sites
are fully taken into account in these studies.
Finally, positron calculations are carried out within the framework of the atomic superposition method
[10, 11]. Positron lifetime and high momentum parts (HMPs) of the momentum distribution of annihilation
photons (MDAP) were calculated for selected defect conﬁgurations. The calculated defect properties are
discussed in the context of PA experimental data available. Some suggestions for future positron experi-
ments are also given.
2. Computational methods and procedures
2.1. Defect structure
The D03 structure is shown in Fig. 1a. There are totally 16 atoms per the cubic D03 cell (12 Fe and 4 Al
atoms). The lattice exhibits three sublattices (SLs) labeled with α, β and γ. The α and γ SLs are occupied by
Fe atoms, whereas the β SL is taken by Al atoms. In general, there are six primary point defects – vacancies
and antisites – in Fe3Al with the D03 structure. Thus, we may have vacancies at all SLs: VFe,α, VFe,γ and VAl
(the SL index is omitted for the β-SL as there is just one possibility). In addition, antisites at all three SLs
are also possible: AlFe,α, AlFe,γ and FeAl.
In order to obtain realistic defect conﬁgurations, the Vienna ab initio simulation package [12, 13] (VASP)
was employed within the framework of the projected augmented wave method [14] (PAW). The PAW pseu-
dopotentials [15] supplied along with the VASP package were utilized. The total energy of corresponding
supercells was minimized with respect to atomic positions. The generalized gradient approximation (GGA)
for the electron exchange-correlation interaction in the form [16] (PW91) was used. This choice requires
further explanations. It has been shown in [17] that the L12 phase is preferred over the D03 one when the
GGA is used. Using the local spin density approximation (LSDA) leads to the correct D03 ground state.
However, in this case the lattice constant is apparently smaller than the GGA and experimental values.
LSDA magnetic moments are also reduced signiﬁcantly. For these reasons, we decided to use the GGA
considering also that the phase in our defect calculations is not changed from D03. We note that previous
calculations [7–9] have been done using LDA, neglecting the magnetism of Fe3Al.
The calculated lattice constant of Fe3Al using the chosen methods and approaches is 5.73 Å, which is
only slightly shorter (∼ 1%) than the experimental value 5.78 Å [18]. In relaxations of defect conﬁgurations
the lattice constant was ﬁxed at the calculated value. The size of supercells used in defect calculations was 2
× 2 × 2 cubic D03 cells shown in Fig. 1a, i.e. they contained 128 atomic sites, some of them being possibly
empty due to the introduction of vacancies. In the course of calculations a 4 × 4 × 4 Γ centered k-point mesh
was employed. As an example, Fig. 1b shows a part of the VFe,α relaxed conﬁguration around the vacancy.
The atomic relaxations around the vacancy are well visible and will be discussed in more details below.
2.2. Defect thermodynamics and interactions
In this work we follow the theoretical approach developed by Mayer and Fa¨hnle [19]. This approach
is based on a grandcanonical formalism and is further adapted for systems with the D03 structures in [20].
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We mention that the approach uses the so-called eﬀective formation energies for defects. These formation
energies have somewhat diﬀerent meaning than for systems composed of atoms of just one type (see e.g.
[21]) as they depend on formation energies of other defects in the system. Here, we express such an eﬀective
formation energy E f (D) corresponding to the individual defects D conveniently in terms of the energy E(D)
of the relaxed supercell (see Sec. 2.1) corresponding to the defect D and energies for other defects. For
instance, if D = VFe,α, the formation energy can be determined using the following expression
E f (VFe,α) = E(VFe,α) −
[
E(AlFe,γ)−E(FeAl)
]
/8 − (N−1)Ebulk/N (1)
with Ebulk being the energy of the bulk supercell (no defects) with the same number of atomic sites (N = 128)
as in the defect supercell. Equation (1) and analogous ones corresponding to remaining defects in Fe3Al
were derived following considerations presented in [22]. We also note that these equations are not generally
valid for all D03 systems. The details will be published elsewhere [23].
The concentration of defects can be estimated using formation energies according to approach [20]
(defect formation entropies are neglected). For example, the vacancy concentration for VFe,α at a temperature
T reads
c(VFe,α) = 12
exp
[
−E f (VFe,α)/kBT
]
1 + exp
[
−E f (VFe,α)/kBT
]
+ exp
[
−E f (AlFe,α)/kBT
] (2)
where kB is the Boltzmann constant. The expression holds for thermal equilibrium.
If the concentration of defects becomes high, it is essential to consider their interactions. Here, we
restrict ourselves to pair interactions. The interaction (binding) energy Eb of two defects D1 and D2 is
calculated according to the following expression (see e.g. [24])
Eb(D1+D2) =
[
E(D1) + E(D2)
]
−
[
Ebulk + E(D1+D2)
]
. (3)
E(D1+D2) characterizes the energy of a supercell containing both (interacting) defects. According to this
deﬁnition, the binding energy has a positive value when the two defects bind (have attractive interaction).
2.3. Positron characteristics
Positron characteristics were calculated using the atomic superposition method (ATSUP) [10, 11] con-
sidering relaxed defect conﬁgurations and a bulk (defect free) conﬁguration as a reference. The positron
correlation potential and enhancement factor were determined employing the approach by Boron´ski and
Nieminen [25]. We refer readers to [26] for further details of positron calculations.
The HMPs of the MDAP were calculated according to the scheme [27] based on the state dependent en-
hancement factor. For MDAP calculations a gradient correction approach [28] for positrons was employed.
For Fe, the number of 3d electrons was reduced to three in HMP calculations in order to achieve better
agreement with experimental proﬁles [29].
3. Results and discussions
3.1. Defect structure
Fig. 1b shows the relaxed VFe,α conﬁguration in the vicinity of the defect. Relaxations of the vacancy
ﬁrst nearest neighbors (1nn) are as follows: +11.4% for Al 1nn and +0.1% for Fe 1nn, with the ‘+’ sign
indicating an inward relaxation. The relaxations are given with respect to the 1nn distance in the perfect
D03 lattice. The reported values are similar to those obtained in [9], where, however, the local density
approximation (i.e. no spin polarization) was employed to treat electron exchange-correlation eﬀects. In
any case, relaxations for Al atoms are very large and not common for metallic materials. The reason for
such an eﬀect is that Al atoms are ‘compressed’ in the Fe3Al lattice and try to ﬁll up the empty space of the
vacancy. To explain this statement, we note that the lattice constant of the hypothetical D03 Al lattice (all
sites in the D03 structure would be occupied by Al) having the same atomic volume as in the fcc Al lattice
would be 6.43 Å, which is apparently larger than 5.78 Å for the Fe3Al D03 lattice. Lattice relaxations for
other vacancies in Fe3Al are somewhat smaller and will be reported in another context [23].
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3.2. Defect thermodynamics and interactions
Calculated eﬀective formation energies for vacancies are E f (VFe,α) = 0.88 eV, E f (VFe,γ) = 1.70 eV,
and E f (VAl) = 1.85 eV. These values conﬁrm the result of earlier calculations [8] that VFe,α is the vacancy
with the lowest formation energy in Fe3Al and, therefore, should have the largest concentration. Similarly,
eﬀective formation energies for antisites are the following: E f (AlFe,α) = 0.40 eV, E f (AlFe,γ) = 0.28 eV, and
E f (FeAl) = 0.28 eV. Thus, antisites at β and γ SLs should be the most frequent defects encountered in Fe3Al
materials, again in agreement with previous studies [8]. Defect concentrations can be calculated according to
Eq. (2) and other analogous equations according to [20] and resulting temperature dependencies are plotted
in Fig. 2. One can see that antisites have largest concentrations, exceeding those for vacancies at least by
two orders of magnitude. Vacancy concentrations for VFe,α roughly corresponds to values obtained from
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Fe3Al.
thermal equilibrium PA measurements for an
Fe76.3Al23.7 alloy [1]. Fe3Al changes its phase
to B2 and later even to A2 when the tempera-
ture is increased and calculated high tempera-
ture concentrations should be taken with cau-
tion.
As for defect interactions, we mention only
attractive and most important ones (from the
PA viewpoint). In all cases, we shall consider
nearest neighbor defect conﬁguration (e.g. for
a VFe,α divacancy this is a 2nn conﬁguration;
see Fig. 1a). Thus, two VFe,α defects bind with
an energy of 0.14 eV. VFe,γ and VAl also bind,
but for other divacancies binding energies are
negligible or negative. Regarding antisites, an
AlFe,γ may bind to another AlFe,γ and to FeAl
(Eb = ∼ 0.1 eV); AlFe,α binds to FeAl as well
(Eb = ∼ 0.2 eV). When vacancy-antisite com-
plexes are considered, Eb(VFe,α+AlFe,γ) = 0.15 eV. We may conclude that the most frequent VFe,α defect can
be complexed with AlFe,γ or bound to another VFe,α. A concentration estimate for compound defects will be
presented in another study [23]. We should mention that not all Al antisites can be bound to VFe,α’s as they
are bound to other defects – mostly antisites – in Fe3Al.
3.3. Positron characteristics
The calculated bulk positron lifetime amounts to 107 ps, which is slightly shorter compared to the
measured lifetime 112 ps [1], partly due to a smaller lattice constant used in calculations. When reviewing
the literature concerning lifetime measurements in Fe3Al, defect positron lifetimes between 160 and 190
ps are found, depending on the sample preparation procedure and measuring conditions [1–6]. Computed
positron lifetimes for VFe,α, a VFe,α divacancy and a VFe,α+AlFe,γ complex are, respectively, 161 ps, 162
ps and 170 ps. We consider these defects as most probable candidates for positron traps in Fe3Al, based
on thermodynamics arguments presented in Sec. 3.2. On the other hand, theoretical lifetimes fall rather
to the lower part of the lifetime region observed experimentally. A smaller lattice constant plays a role,
but one needs to explore mainly the eﬀect of positron induced forces, as documented in [30]. It seems to
be likely that many measured Fe3Al samples contain several types of defects giving lifetimes in the 160 –
190 ps region and, consequently, a lifetime distribution (or a width of a distribution) should be ﬁtted from
measured lifetime spectra rather than a discrete lifetime component. For completeness, we mention that
calculated lifetimes using the gradient correction scheme [28] diﬀer from those speciﬁed above by a few ps
only, except for the bulk lifetime which is by 7 ps longer.
The MDAP may bring further information about vacancy type defects, especially in terms of their chem-
ical surrounding. Coincidence Doppler broadening spectroscopy is a well established method to measure
one dimensional (1D) MDAP proﬁles and, especially, to explore the high momentum region. Understand-
ing MDAP/CDB data requires deeper knowledge about how various defect characteristics ‘project’ into the
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Fig. 3. a) Calculated HMP ratio proﬁles for defect free Fe, Al, and Fe3Al. For the latter two, approximate ratio proﬁles considering all
electrons (not only core ones) are plotted. Fe and Al contributions in Fe3Al together with hypothetical ‘renormalized’ proﬁles are also
shown. b) Calculated HMP ratio proﬁles for VFe,α in Fe3Al including the eﬀects of relaxations for Al 1nn’s and of adding one Al 1nn.
resulting measured MDAP/CDB proﬁle. Essentially, the ways of ‘projection’ diﬀer for the lifetime and
momentum related properties.
For Fe-Al materials, CDB (1D MDAP) proﬁles are often represented as a ratio with respect to the CDB
proﬁle of pure, defect free Fe. In this case, the ratio proﬁle of pure Al exhibits a maximum around 25 ×
10−3 mc. This feature can be considered as a ﬁngerprint of Al (due to 2p Al electrons). This is documented
in Fig. 3a where the calculated proﬁles for Fe, Al and Fe3Al are shown (dotted proﬁles were calculated
using all electrons [31]). Fig. 3a further enlightens that proﬁles calculated with core electrons only start to
be close to proﬁles calculated with all electrons, and thereby are comparable with experiment, for momenta
larger than 10–15 × 10−3 mc. Finding the Al feature in a CDB spectrum of an Fe-Al material indicates that
a fraction of positrons annihilates with electrons of Al. One should, however, be careful when quantifying
this fraction because Al is compressed in Fe3Al, as mentioned in Sec. 3.1. Therefore, the Al contribution
to resulting CDB proﬁle seems to be higher than actually is when the CDB proﬁle of pure Al is taken as a
reference (cf. [6]). Indeed, Fig. 3a shows 4 times the contribution of Al electrons in Fe3Al (i.e. as if the
lattice would be composed of Al only). This proﬁle lies signiﬁcantly above the proﬁle of pure (fcc) Al. On
the other hand, the pure Fe proﬁle matches well the 4/3 Fe contribution in Fe3Al (lattice composed of Fe
atoms only). For this reason, we can state that Fe in Fe3Al behaves almost in the same way as in pure Fe
from the view point of MDAP. This is in line with the fact that the double of the bcc Fe lattice constant, i.e.
5.733 Å, almost coincides with the lattice constant of Fe3Al (5.78 Å). Similar considerations regarding Al
and Fe contributions to CDB proﬁles apply to vacancies.
Let us consider a situation of saturated trapping in defects. Naturally, we are interested in how to detect
the defect and its Al environment using the Al feature just mentioned. For this purpose, we need to look
at the height of the Al maximum (measured e.g. from the minimum at ∼10 × 10−3 mc). Furthermore, we
need to check the position of the proﬁle in the vertical direction, which can be characterized e.g. by the
vertical position of the maximum at 25 × 10−3 mc. The size of the open volume defect in Fe3Al determines
the vertical position of the CDB proﬁle. However, the amount of Al atoms around this defect changes this
characteristics too, i.e. it shifts the CDB proﬁle down when the number of Al atoms increases [5] and at the
same time the height of the Al feature also increases. Furthermore, the MDAP proﬁle can be still modiﬁed
by relaxations of surrounding Al and Fe atoms, which inﬂuences both the overall position (defect size) and
overlap with Al (Al feature height). Therefore, both CDB proﬁle measures – the Al feature height and the
vertical position of the proﬁle – are important when identifying the defect. These eﬀects are demonstrated
in Fig. 3b where ratio proﬁles for the VFe,α vacancy are plotted: a non-relaxed conﬁguration, a conﬁguration
with neighboring Al atoms relaxed by 6% and a non-relaxed VFe,α+AlFe,γ defect.
3.4. Eﬀect of impurities
The carbon content is often not speciﬁed in experimental PA studies of the Fe3Al system, and it is well
known that ‘pure’ Fe – used to produce Fe3Al samples – may contain appreciable concentration of C atoms
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( 0.01 at% for a 4N Fe material). Thus, Fe3Al samples may be contaminated by C which might be bound
to vacancies like in pure Fe [24]. Our preliminary ab initio calculations indicate that interstitial C atoms do
not bind to VFe,α in Fe3Al. Furthermore, some previous studies (see e.g. [32]) mention that a Si uptake from
silica/quartz tools used for thermal treatment may happen. In contrast to carbon, silicon can be bound to
vacancies according to our ﬁrst ab initio calculations. Therefore, at least possible presence of Si in Fe-Al
system should be discussed/considered in future experiments. Details of calculations taking into account C
and Si impurities in Fe3Al will be published elsewhere.
4. Conclusions
In conclusion, calculations of defect formation energies and interactions appear to be very useful in
determining which defects can be present in Fe3Al materials, and this helps understanding PA data. There
can be a variety of defects in Fe3Al and both lifetime and CDB measurements should be used to detect
them. Relaxations around and interactions of vacancy type defects plays an important role. Non-intentional
impurities in Fe3Al can aﬀect defect behavior too. The presented work is part of broader activities devoted
to understanding complex defect structure in Fe3Al and a detailed report will be published [23].
Acknowledgment
M.J. Puska is gratefully acknowledged for providing his ATSUP code that served as a basis for further
developments. This work was supported by the Grant Agency of the Czech Republic under contract No.
202/09/1786 and is part of the research plan MS 0021620834 that is ﬁnanced by the Ministry of Education
of the Czech Republic.
[1] H.-E. Schaefer, R. Wu¨rschum, M. ˇSob, T. ˇZa´k, W. Z. Yu, W. Eckert, F. Banhart, Phys. Rev. B 41 (1990) 11869.
[2] Y. Jira´skova´, O. Schneeweiss, M. ˇSob, I. Novotny´, I. Procha´zka, F. Becˇva´rˇ, B. Sedla´k, F. ˇSebesta, M. J. Puska, J. de Physique IV
5C1 (1995) 157.
[3] N. de Diego, F. Plazaola, J. A. Jime´nez, J. Serna, J. del Rı´o, Acta Mater. 53 (2005) 163.
[4] I. S. Golovin, S. V. Divinski, J. ˇCı´zˇek, I. Procha´zka, F. Stein, Acta Mater. 53 (2005) 2581.
[5] O. Melikhova, J. ˇCı´zˇek, J. Kuriplach, I. Procha´zka, M. Cieslar, W. Anwand, G. Brauer, Intermetallics 18 (2010) 592.
[6] J. ˇCı´zˇek, F. Luka´cˇ, O. Melikhova, I. Procha´zka, R. Kuzˇel, Acta Mater. 59 (2011) 4068.
[7] J. Mayer, B. Meyer, J. S. Oehrens, G. Bester, N. Bo¨rnsen, M. Fa¨hnle, Intermetallics 5 (1997) 597.
[8] M. Fa¨hnle, B. Meyer, J. Mayer, J. S. Oehrens, G. Bester, Mat. Res. Soc. Symp. Proc. 527 (1998) 23.
[9] L. S. Muratov, B. R. Cooper, J. M. Wills, Mat. Res. Soc. Symp. Proc. 538 (1999) 309.
[10] M. J. Puska, R. M. Nieminen, J. Phys. F: Met. Phys. 13 (1983) 333.
[11] A. P. Seitsonen, M. J. Puska, R. M. Nieminen, Phys. Rev. B 51 (1995) 14057.
[12] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558.
[13] G. Kresse, J. Furthmu¨ller, Phys. Rev. B 54 (1996) 11169.
[14] P. E. Blo¨chl, Phys. Rev. B 50 (1994) 17953.
[15] G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758.
[16] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh, C. Fiolhais, Phys. Rev. B 46 (1992) 6671.
[17] F. Lechermann, F. Welsch, C. Elsa¨sser, C. Ederer, M. Fa¨hnle, J. M. Sanchez, B. Meyer, Phys. Rev. B 65 (2002) 132104.
[18] W. B. Person, A Handbook of Lattice Spacings and Structures of Metals and Alloys, Pergamon, Oxford, 1958.
[19] J. Mayer, M. Fa¨hnle, Acta Mater. 45 (1997) 2207.
[20] H. Ipser, O. Semenova, R. Krachler, J. Alloys Comp. 338 (2002) 20.
[21] T. Korhonen, M. J. Puska, R. M. Nieminen, Phys. Rev. B 51 (1995) 9526.
[22] S. Dennler, J. Hafner, Phys. Rev. B 73 (2006) 174303.
[23] J. Kuriplach, to be published.
[24] C. Domain, C. S. Becquart, J. Foct, Phys. Rev. B 69 (2004) 144112.
[25] E. Boron´ski, R. M. Nieminen, Phys. Rev. B 34 (1986) 3820.
[26] M. J. Puska, R. M. Nieminen, Rev. Mod. Phys. 66 (1994) 841.
[27] J. Kuriplach, A. L. Morales, C. Dauwe, D. Segers, M. ˇSob, Phys. Rev. B 58 (1998) 10475.
[28] B. Barbiellini, M. J. Puska, T. Korhonen, A. Harju, T. Torsti, R. M. Nieminen, Phys. Rev. B 53 (1996) 16201.
[29] J. Kuriplach, Acta Phys. Polon. A 107 (2005) 784.
[30] I. Makkonen, M. Hakala, M. J. Puska, Phys. Rev. B 73 (2006) 035103.
[31] Valence/conduction electrons were included in calculations in the same way as core ones. Some adaptations of the integration
routines (for r-radial integrals; see [27] for details) were necessary. In this way, 1D MDAP proﬁles in the low momentum region
can be roughly estimated.
[32] B. Ko¨hler, J. Wolﬀ, M. Franz, A. Broska, Th. Hehenkamp, Intermetallics 7 (1999) 269.
